Atmospheric hydrogen (H 2 ) mixing ratios were observed over a one year period from summer 2007 to 2008 in Helsinki, Finland. Relatively stable background values of hydrogen were occasionally observed at the site, with minimum in October and maximum between March and May. High hydrogen mixing ratios occurred simultaneously with high carbon monoxide (CO) values and coincided with high traffic flow periods. Carbon monoxide and radon ( 222 Rn) were continuously monitored at the same site and they were used in estimation of the hydrogen emissions from traffic. The morning rush hour slope of H 2 / CO was in average 0.43±0.03 ppb (H 2 )/ppb (CO). After correction due to soil deposition of H 2 the slope was 0.49±0.07 ppb (H 2 )/ppb (CO). Using this slope and CO emission statistics, a road traffic emission of about 260 t (H 2 )/year was estimated for Helsinki in 2007.
Introduction
Hydrogen as an energy carrier has been under discussion during recent years (e.g. Prather, 2003; Service, 2004; Jacobson, 2005) . The impact of hydrogen economy on the global climate has been studied e.g. by Schultz et al., 2003; Tromp et al., 2003; Derwent et al., 2006; Jacobson, 2008 . Adoption of hydrogen economy could mean increased hydrogen emissions (Tromp et al., 2003; Schultz et al., 2003; Warwick, 2004) . Hydrogen emissions are not without problems, since its role as an indirect greenhouse gas (IPCC, 2007) . On the other hand, using hydrogen instead of fossil fuels would decrease emissions of NO x etc. (Schultz et al., 2003) , and thus
Correspondence to: T. Aalto (tuula.aalto@fmi.fi) might in total act towards less enhanced greenhouse effect. The use of hydrogen technology is, however, at its infancy (Prather, 2003; Service, 2004) .
Hydrogen mixing ratios have been measured during past years at background and urban sites (Novelli et al., 1999; Simmonds et al., 2000; Barnes et al., 2003; Steinbacher et al., 2007; Vollmer et al., 2007; Yver et al., 2009 ). The annual mean hydrogen background is lower in the Northern Hemisphere than in the Southern Hemisphere, and the northernmost continental sites have the largest annual cycles (Novelli et al., 1999) . Variations in the observed mixing ratio are due to different removal mechanisms in addition to changes in emissions. The chemical removal of hydrogen from tropospheric air occurs through reaction with OH radical. Thus, hydrogen is indirectly affected by numerous air chemical cycles. Soil deposition is even more important removal route, the mechanism and extent of which is due to large uncertainties (e.g. Smith-Downey et al., 2006; Xiao et al., 2007; Lallo et al., 2008; Schmitt et al., 2008) . The difference between Southern and Northern Hemisphere hydrogen levels has been attributed to asymmetry of soil uptake, because the majority of global land area is located in Northern Hemisphere (Novelli et al., 1999) . The low annual autumn -early winter minimum in northern continental high latitudes is also due to dominance of the soil sink together with weakening of the photochemical sources and formation of a stable boundary layer which prevents vertical mixing (Price et al., 2007) . However, the soil sink weakens in persistent freezing temperatures when soil freezes and snow cover becomes thick hindering diffusion (Lallo et al., 2008) .
The most important sources of hydrogen include photochemical methane and other hydrocarbon (mainly isoprene) oxidation, biomass burning and combustion from technological processes (e.g. Novelli et al., 1999; Rhee et al., 2006; Ehhalt and Rohrer, 2009) . The influences of the hydrogen source from fuel combustion are largest in the Northern Hemisphere and can be seen as high short-term variability in the continuous urban hydrogen observations (e.g. Steinbacher et al., 2007; Yver et al., 2009) . Urban emissions of hydrogen, such as sources from traffic-related combustion processes, can be estimated by using simultaneous observations of CO, whose sources are similar and emission inventories are well established. The H 2 / CO slopes have been observed at relatively polluted and unpolluted sites (Simmonds et al., 2000; Barnes et al., 2003; Steinbacher et al., 2007; Hammer et al., 2009) as well as in a traffic tunnel (Vollmer et al., 2007) . The value of the slope depends on e.g. the vehicle types, chemical transformation, and deposition on the way to the measurement site. This makes the slope dependent on the local emission structure and environmental conditions. The value of the slope may be influenced by the seasonal variation of the meteorological conditions. During the high northern latitude winter the photochemical reactions and vertical mixing are suppressed, while in summer the radiation may enhance vertical mixing and photochemical reactions already before the morning rush hour.
Urban studies are important for studying emissions and trends in atmospheric hydrogen. They also help in closing the current hydrogen budget. In this article we present the variation of atmospheric hydrogen in Helsinki and calculate emissions using the H 2 / CO slope, and estimate the role of soil deposition in the daily hydrogen dynamics. The soil deposition rates in Helsinki are estimated in a companion article (Lallo et al., 2009 ).
Materials and methods

Measurement site
Helsinki is located in southern Finland at the coast of the Baltic Sea. Population of Helsinki is about 568 000 (year 2007). The measurement site (60 • 12 13 N, 24 • 57 40 E, 53 m a.s.l.) is located at about 6 km distance from the city center in Kumpula campus area (Fig. 1) . The nearby area is occupied mainly by university, residential and commercial buildings. The shortest distance from the site to the Baltic Sea coast is about one kilometer.
The sampling inlet was on the roof of the Finnish Meteorological Institute's (FMI) building at about 25 m above the ground. The wind parameters were measured at a 32 m high mast next to the building and temperature at 2.5 m above the ground. The building is located on a top of a hill about 15 m above the nearest major Hämeentie road (Fig. 1) . In autumn 2007, the traffic volumes at Hämeentie and Mäkeläntie roads typically exceeded 40 000 cars in a workday (Helsinki city traffic office, 2008). The amount of traffic varies considerably being lowest during holidays (July, weekends and nights). The lowest monthly mean temperature during the 
Instrumentation
H 2 and CO were monitored using an automated gas chromatographic system based on Trace Analytical RGA5 equipped with a Reduction Gas Detector. The instrument relies on a detection principle first introduced by Schmidt and Seiler (1971) . Reducing gas, in this case molecular hydrogen or carbon monoxide, reduces HgO and the emerging Hg vapor is detected by UV absorption. The instrument has Unibeads 1S (1/8 in.×31 in.; 0.318 cm OD×79 cm) precolumn, and Molecular Sieve 5A (1/8 in.×31 in.; 0.318 cm OD×79 cm) analytical column. The columns were maintained at 100 • C, and carrier gas was synthetic air. Total measurement time for a sample was 300 s. After every three ambient air samples one working standard gas sample were measured. Sample air was taken as a side flow from a high flow stream (used by the radon instrument), using a PTFE diaphragm pump. This stream was lead to a pressure relief valve, which was adjusted to pass about 200 ml/min through the sample loop.
Continuous CO observations by YTV Helsinki Metropolitan Area Council at two urban sites were also used in this paper. The CO measurement was based on absorption of infrared radiation. The instrument (Horiba APMA 360) was regularly calibrated for a 0-16 ppm mixing ratio range, created by dilution from a 150 ppm cylinder.
The radioactive radon isotope 222 Rn was measured at the Kumpula site with FMI's radon instrument. The system is based on the method, where aerosols are collected continuously onto a filter and its total beta activity is measured. The hourly mean values were calculated by assuming that the beta activity on the filter is only from short-lived radon ( 222 Rn) progeny in equilibrium with it (Paatero et al., 1998) .
The weather parameters were monitored with an automated weather station MILOS 500. Wind parameters were measured with a two component ultrasonic anemometer and temperature with a shielded Pt100 detector. Visibility was measured with a Vaisala FD12 visibility meter, based on forward-scatter sensor.
Linearity, reproducibility and calibration checks
The RGA5 instrument's response was studied against a range of mixing ratios created from a high concentration (103 ppm H 2 in synthetic air, Messer, Air Liquide) reference gas using a gas blender (Peak Laboratories Peak Span Gas Blender). First and higher order polynomials were fitted to the measurement series of concentration vs. sample peak area resulting in R 2 of over 0.99 (the average standard deviation ∼3.5%) over the atmospheric range (400-700 ppb). Use of higher order polynomials did not improve R 2 suggesting that the response of the instrument was linear, and no nonlinearity correction was applied. Reproducibility was estimated using 10-40 consecutive working standard samples. The standard deviation of the resulting values was 1.1%.
The measurement results were calculated using ratio of sample peak area to peak area of calibrated working standard gas. Four primary hydrogen calibration gas cylinders were used to calibrate the working standard. These standards (range 400-700 ppb) were acquired from Max-Planck Institute in Jena, Germany, and were in MPI2009 scale (revised in March 2009, see also Jordan, 2006) . Three NOAA/ESRL standards (range 70-250 ppb) were used for carbon monoxide. No drift was observed in the working standard during the measurement period.
Helsinki RGA5 results were compared to other H 2 analyses. Sample glass flasks were filled on the Helsinki institute's roof (H 2 mixing ratio near 500 ppb) and analysed with RGA5. Online measurements made with RGA5 during the flask filling period were in close agreement with the flask results, indicating that there was no loss or production of H 2 in the sampling lines. Flasks were also analysed with an independent Pallas H 2 system (Peak Performer GC), showing less than 5 ppb difference to Helsinki results. Pallas and Helsinki H 2 analyses were also in good agreement with intercomparison performed by European hydrogen monitoring laboratories.
Analysis of the results
The calculation of mixing ratios from the RGA5 results were made using Matlab®, as well as the figures and mathematical analyses concerning slope and emission calculations. Hydrogen emissions can be estimated from the simultaneous increase in hydrogen and carbon monoxide mixing ratios, if CO emissions are known:
where j emi H 2 and j emi CO are the emissions of H 2 and CO, respectively, and H 2 and CO are changes in the hydrogen and carbon monoxide mixing ratios.
According to recent findings by Hammer et al. (2009) , the H 2 / CO slope in Eq.
(1) should be corrected due to soil deposition of H 2 , which is a significant factor in total H 2 budget. The emission ratio can be reformulated as
where
is the hydrogen soil sink and j emi CO can be estimated e.g. with the help of the radon tracer method (Schmidt et al., 2001 ) by using the observed radon activity and soil exhalation rate of radon (j Rn ), estimated from local measurements (see Lallo et al., 2009 ). C is a correction factor for radioactive decay, which can be approximated with a constant value 0.965 (Schmidt et al., 2001 ).
In the current work we examined the variation in mixing ratios created mainly by anthropogenic emissions. Therefore mixing ratios are often expressed as differences to the background levels, i.e. "excess mixing ratios". Background was defined as monthly means of selected data. Selection procedure excluded hourly means observed during weak mixing conditions when wind speed was lower than 3 m/s and radon activity >2 Bq m −3 . Hourly means that were further than two standard deviations away from a harmonic function fitted to all data were also excluded, as well as cases when air masses came from the sector between 40-190 • (degrees clockwise from north) and observations between 06:00 and 20:00 considered to be influenced by local traffic. All time values are given in local time (LT), which is UTC+2 h in winter and UTC+3 h in summer.
Results
Annual variation
H 2 and CO were monitored in Helsinki from June 2007 to July 2008. Emissions from close by sources were clearly distinguishable (Fig. 2) . Roughly 5 to 10 simultaneous H 2 and CO episodes were observed in a month, occurring most likely during workdays outside summer holiday season. The episodes lasted for few hours. Background values with relatively stable mixing ratios of H 2 were also frequently observed at the site. This is due to the inlet elevation of about 40 m and distance of more than 200 m from the nearest major road. The lowest mixing ratios observed during nocturnal low wind speed and high radon activity conditions may indicate H 2 soil deposition. The background minimum H 2 mixing ratios were observed in October and maximum from March to May. H 2 background levels were rather low, but in general agreement with northern results by e.g. Price et al. (2007) . Price et al. (2007, Fig. 4 therein) estimates roughly 500-520 ppb for Helsinki latitude during MarchMay, while our result was 503 ppb and 450-475 ppb for September-November (465 ppb).
CO experienced more short term variation than H 2 in Kumpula (Fig. 3) . However, the CO record at 5 m distance from a heavy traffic road Mannerheimintie in the city center showed considerably higher values, as well as the Leppävaara site further away from the city (data provided by YTV Helsinki Metropolitan Area Council). The lower CO envelopes at these three sites were in very good agreement showing similar long term variation due to synoptic changes in air mass transport and annual cycle of CO. The background minimum CO mixing ratios were observed from July to September and maximum from March to April at Kumpula.
The wind direction readings at the site were most often between 180 • -240 • , corresponding to air mass arrivals from southwest. High CO emissions were observed from wind sectors 150 • -190 • and 40 • -90 • (Fig. 4) , indicating emis- sions from the major Hämeentie road close by. According to local micrometeorological CO 2 flux observations, 40 • -180 • was also defined as the sector influenced by road traffic (Vesala et al., 2008) .
H 2 mixing ratios were more evenly distributed among the wind sectors and the difference between high and low concentrations was smaller than in CO (Fig. 4) . High mixing ratios were observed when air masses were transported from the sector between 60 • -300 • , with maximum in 210 • -240 • . The high mixing ratio sectors coinciding with those of CO may indicate influences from traffic sources close by, but the notable difference with CO in southwest sectors may refer to different source/sink patterns. This may indicate a notable contribution from the long range transport, because the distant emission sources are mainly located in the south -southwest along the major wind direction. The traffic intensities in Europe are higher than in Finland, and the lifetime of H 2 is longer than that of CO supporting long range transport. A hydrogen sink may also draw concentrations down. Soil deposition may contribute more significantly in air masses arriving from north, where they are transported over the continent before arrival to the site.
The ratio of H 2 to CO varied only little (<30%) among the wind sectors, being largest during westerly winds (Fig. 4) . Variation in H 2 was modest in comparison to CO. Therefore the high CO in the most heavily traffic-influenced wind sectors resulted in relatively low H 2 /CO ratio in those directions.
Diurnal variation
Seasonal differences
H 2 and CO mixing ratios varied significantly over the course of a day in Helsinki (Figs. 5 and 6). In summer the diurnal variation of CO was quite modest, while in H 2 there was an increase in mixing ratios towards afternoon hours and decrease during night. In winter a similar diurnal cycle was observed in H 2 and CO, but with a stronger increase towards afternoon. During fall and spring there was a distinct morning maximum with decrease in midday and increase again in the afternoon.
The diurnal variations are caused by the complex interplay of emissions, loss rates, transport and meteorological conditions. The traffic flow and corresponding emissions were smallest during summer (July). In winter the traffic flow was higher and more confined to rush hours in the morning and afternoon (Helsinki city traffic office, 2008). Of the sink processes, hydrogen loss through photochemical OH reaction is most efficient during daytime and summer (e.g. Novelli et al., 1999) , while soil deposition is active throughout the day and year, if there is no flooding or permanent snow cover and temperatures are above zero (Lallo et al., 2008) . The elevated mixing ratios of hydrogen and carbon monoxide in the morning may also be related to the boundary layer dynamics. The sampling site was often inside the night time stable boundary layer, since high radon mixing ratios were often observed in the early morning hours during spring, summer and autumn. Radon and other trace gas emissions may be captured in the shallow nocturnal layer, and after sunrise diluted into a larger air volume along with formation of daytime mixing layer. The highest H 2 and CO mixing ratios did not always coincide with radon peaks, though. The sun rises in Helsinki in June already at about 04:00 and in December after 09:00 while the rush hour occurs at about 06:00-09:00. The weak wintertime boundary layer development may partly explain the December-January diurnal cycle (Figs. 5 and 6), which showed no drawdown in midday. In comparison to autumn, the winter increase in mean hydrogen and CO mixing ratios was modest during morning rush hour. The radon activity was low in average and showed no diurnal cycle contrary to autumn. It is possible, that the winter morning emissions were frequently trapped under temperature inversion below the inlet height, resulting in observations of more aged air masses obscuring the hour-to-hour variation.
Rush hour H 2 /CO slopes
The diurnal cycles of H 2 and CO were very different in weekends and workdays (Fig. 7) . During workdays there was a significant increase in mixing ratios during early morning hours with maximum at 08:00-09:00 The September 2007 mean traffic densities in Helsinki were similarly peaked during the workday morning hours (Helsinki city traffic office, 2008). As over 90% of CO emissions come from passenger cars in Helsinki (Niemi et al., 2008) , we can therefore assume that the morning increase in CO and H 2 is mainly caused by traffic.
The mean slope of H 2 / CO was calculated from the increase in H 2 and CO mixing ratios during morning hours (LT 05:00-08:00). Individual episodes were hand-picked from the data resulting in 81 events, mainly occurring during fall, winter and spring. The slope derived by geometric functional regression was calculated for each episode with a squared correlation coefficient (R 2 )>0.8 and uncertainty of the slope<0.09 ppb (H 2 )/ppb (CO). The mean of all slopes was 0.43±0.03 ppb (H 2 )/ppb (CO). The uncertainty is given by the fitting procedure. Instrumental reasons (reproducilibility, non-linearity) might cause an additional uncertainty of max. 0.01 ppb (H 2 )/ppb (CO). At this point the value of the slope was not corrected due to influence by soil deposition. For comparison, workday morning data presented in Figs. 5 and 6 were used in calculations. The data represent an average from all September-October measurements, not just episodes. During the morning hours from 05:00 to 08:00 the slope was 0.44±0.02 ppb (H 2 )/ppb (CO), which is close to the previous estimate. At this time of the year, radon activity typically started to decrease after 08:00, suggesting that the slope represents stable nighttime conditions. The individual slopes were typically higher in summer (∼0.5 ppb (H 2 )/ppb (CO)) than in winter (∼0.35 ppb (H 2 )/ppb (CO)), see Fig. 8 . The winter slopes had no clear connection to observed radon levels, which showed no daytime decrease either. The summer slopes were rather variable and the scatter in hourly values was larger than in other seasons, probably due to reduced traffic and thermal convection causing efficient atmospheric mixing already early in the morning.
Individual episodes
Large short term variation in H 2 and CO mixing ratios in Kumpula was most probably caused by local emissions, but during some synoptic conditions the background was also elevated suggesting long range transport. Local weather also had an effect on the intensity and length of individual episodes. Generally, high mixing ratios were found on calm conditions (often together with fog formation). For example, during 27 September 2007 the Hämeentie traffic count showed the start of morning traffic at 6 (Fig. 9) . Wind speed was very low with fog lowering the visibility, and radon was highly elevated indicating weak atmospheric mixing. After a small delay and further increase in radon, H 2 and CO mixing ratios increased simultaneously. Traffic count stayed at high level until late evening, but H 2 and CO decreased already before midday. Wind speed stayed low and radon activity high until midday, but the wind direction changed from Hämeentie to the more unpolluted north sector at the same time when H 2 and CO started to decrease. There also was the midday downswing in the traffic count between the rush hours, but here the meteorological conditions clearly dominated the development of observed mixing ratios.
An exceptionally high episode was observed in the evening of 20 November 2007 with H 2 over 750 ppb and CO over 900 ppb (Figs. 2 and 3) . The slope of the event was 0.40±0.01 ppb (H 2 )/ppb (CO). Wind speed was rather low, around 2 m/s and radon close to 3 Bq/m 3 , somewhat, but not exceptionally elevated. Traffic count was not available for Hämeentie at that time, but supposedly the return traffic was already finishing. Prevailing winds changed to southwest a couple of hours before the episode maximum at 20:00 and backward trajectories showed air mass transport at altitudes <1000 m along the westward coastline during the past days. The other measuring sites also indicated elevated CO (Fig. 3) . It is therefore tempting to suggest that at least part of the increase in mixing ratios could be due to distant sources, though the rate of increase was so fast that it could have occurred due to more local sources, supported by the preceding low wind speeds and air mass transport close to ground. Helsinki was the largest town in the studied 5-day air mass path, but the lifetime of CO is of the order of few months, and thus long-range transport from other Finnish or European sources is possible.
Emission and deposition rates
Carbon monoxide emissions
Total CO emissions from Finland were 484 570 t (CO)/yr and from Helsinki 8888 t (CO)/yr in 2007 (Niemi et al., 2008; Statistics Finland, 2009 ). More than 90% of CO emissions were in Helsinki originated from road traffic, the rest being due to air traffic, harbour activities and scattered small scale combustion. The percentage of gasoline powered cars in Finland was about 75% of the total fleet and diesel powered cars had a 25% share (Mäkelä et al., 2008) . 87% of the fleet were passenger cars. 22% of all passenger car driven kilometers were diesel powered and 88% had catalytic converters. Diesel engines have lower emission factors for CO than gasoline engines. Of the total road traffic CO emissions, diesel engines had a 9.0% share and gasoline engines 91% (Mäkelä et al., 2008) .
Traffic calculations were made between 27 September and 1 October 2007 in Helsinki at Hämeentie bridge, at about 300 m distance from our measurement site. The total number of motorized vehicles was about 31 000 during a workday and 10 500 during a weekend day. During workdays, the percentage of diesel vehicles was 31.3% of the total fleet, i.e. somewhat higher number than in average in Finland. Estimating from Finland's statistics that gasoline engine CO emission factors are roughly three times larger than those for Fig. 9 . Excess hydrogen and carbon monoxide mixing ratios, radon activity and weather parameters (wind speed, wind direction, visibility) at Kumpula, site and traffic flow at nearby Hämeentie bridge in 27 September, 2007. Visibility is expressed as fraction of the maximum of the observation range, which is about 50 km. Traffic data provided by Helsinki city traffic office. diesel engines, a 10% share is obtained for diesel vehicle CO emissions at Hämeentie (see also Ylituomi et al., 2005) .
Hydrogen emissions due to road traffic
Hydrogen emissions from traffic can be estimated from the simultaneous increase of hydrogen and CO during morning rush hours, if carbon monoxide emissions are known, as explained in Sect. 2.4. However, there are a couple of issues to take into consideration while estimating the relevant value for the slope and CO emissions. Firstly, the H 2 / CO slope should be corrected due to soil deposition of H 2 , which is a significant factor in total H 2 budget . In Helsinki the H 2 deposition velocity was in average about (3.4±1.0)×10 −4 m/s during September and October 2007 (Lallo et al., 2009) ) in areal basis. The CO emissions in areal basis (j emi CO in Eq. 2) can be estimated with the help of simultaneous radon observations by using the radon tracer method (Schmidt et al., 2001) . CO/ Rn can be estimated similary than H 2 / CO by using the rush hour measurements of radon and CO. Measurements from 05:00 to 07:00 during 13 days in September and October 2007 were used here. The soil exhalation rate of radon (j Rn ) needs to be known; the estimate of 43 Bq m −2 h −1 was used for Kumpula (Lallo et al., 2009) . Multiplying the radon exhalation rate with the CO/ Rn slope resulted in (319±74)×10 −8 g (CO) m −2 s −1 for j emi CO . Using this result and converting fluxes to molar units, a corrected slope of 0.49±0.07 ppb (H 2 )/ppb (CO) was obtained for H 2 / CO.
Secondly, it has been estimated that hydrogen emissions from diesel engines are very small in comparison to gasoline engines (Vollmer et al., 2007) . Therefore the diesel engine CO emissions (10%) have to be subtracted from all traffic originated CO-emissions in Helsinki (8285 t (CO)/yr, Niemi et al., 2008) before calculating hydrogen emissions, yielding 7455 t (CO)/yr in 2007.
Finally, H 2 emissions were estimated using the corrected H 2 / CO slope and emissions of CO from gasoline powered traffic at Hämeentie. The slope of 0.49 ppb (H 2 )/ppb (CO) corresponds to 0.035 g H 2 /g CO. Multiplied with 7455 t (CO)/yr an estimate of 261 t (H 2 )/yr was obtained for Helsinki for year 2007. For the whole Finland, using diesel fraction of 9.0% and road traffic emissions of 208 135 t (CO)/yr (Mäkelä et al., 2008) , estimated emissions for year 2007 were 6600 t (H 2 )/yr.
Discussion and conclusions
Hydrogen observations in Helsinki episodically showed high mixing ratios. They usually occurred simultaneously with elevated CO and coincided with high traffic periods. Despite local pollution by traffic, relatively stable and low background values were often observed at the site, enabling the detection of main features of the H 2 seasonal cycle. The slope of H 2 / CO, calculated during the morning high traffic, also showed seasonal variation with the highest values occurring in summer and lowest in winter. The summer vs. winter variation has been discussed earlier by , who found more seasonal variation when the late morning hours where included in the slope calculation. They attributed this to the entrainment flux, which amplifies after the sunrise and brings hydrogen rich air from higher altitudes close to the ground, where the stable nocturnal air layer has been depleted with hydrogen over the night due to soil deposition. Due to sunrise at around 04:00-05:00 in June-July at Helsinki, we can assume that there is significant mixing already from the beginning of the morning traffic, which can then affect the slope calculation. Seasonal variation in photochemistry of CO and H 2 and possible minor sources of hydrogen (e.g. seawater microbial activity) should maybe also be considered here. On the other hand, during winter the H 2 soil deposition rate was about half of the summer values (Lallo et al., 2009) depleting less H 2 from the air. In winter the boundary layer development starts later and is not as strong as in summer due to less heating by radiation. However, surface temperature inversions may occur, trapping the pollutants below the observation height and causing delay and mixing of the observed air parcels. The diurnal variations of H 2 , CO, radon and traffic were most consistent during autumn and spring, suggesting that the slopes obtained during these seasons were most reliable.
The H 2 / CO slope of 0.43 ppb (H 2 )/ppb (CO) according to the current work fits nicely to the range of literature estimates presented in recent years. E.g. Hammer et al. (2009) and Barnes et al. (2003) both estimated 0.4 ppb (H 2 )/ppb (CO) for sites, which were influenced by traffic pollution. Steinbacher et al. (2007) and Yver et al. (2009) both presented 0.33 ppb (H 2 )/ppb (CO) for suburban sites. Simmonds et al. (2000) obtained only 0.15 ppb (H 2 )/ppb (CO) for a relatively unpolluted site. However, Novelli et al. (1999) estimated a higher value of 0.6 ppb (H 2 )/ppb (CO) for a busy traffic intersection. As discussed earlier , the shift to lower values might be attributed to hydrogen soil deposition which depletes hydrogen from the air masses on their way to observation sites further away from pollution sources. After correction due to H 2 soil deposition in the current work, a value of 0.49 ppb (H 2 )/ppb (CO) was obtained, which is close to 0.47 ppb (H 2 )/ppb (CO) by Hammer et al. (2009) and 0.47 ppb (H 2 )/ppb (CO) by Yver et al. (2009) . The result also agrees well with Vollmer et al. (2007) , who measured H 2 and CO at a traffic tunnel where the soil deposition term can be neglected. They obtained 0.48 ppb (H 2 )/ppb (CO) for the mean slope. Their diesel fraction in the car fleet was similar than in average in Finland.
The estimate for CO emissions owes large uncertainties, because the CO/ Rn slope was not easy to solve by using just a couple of hours close to the sunrise, when CO increases rapidly and Rn already starts to saturate before the transition to daytime boundary layer. For comparison, a simulation was made with the 2D atmospheric model (Lallo et al., 2009 ) for a few typical September weather cases by using the observed CO increase to obtain the early morning CO emissions. According to the results, the original emission estimate could be somewhat biased upwards. If we use a lower limit of our error estimate for CO emissions, 245×10 −8 g (CO) m −2 s −1 , a H 2 / CO slope of 0.51 ppb (H 2 )/ppb (CO) is obtained leading to <4% increase in the total H 2 emissions. The other sources of uncertainties include e.g. instrumental accuracy and, more importantly, variation in radon exhalation from ground and hydrogen deposition to soil. The last two were estimated in the companion article by Lallo et al. (2009) . Together all the uncertainties mentioned above might lead to about 9% change on the total H 2 emissions.
To conclude, our results show, that it is possible to estimate hydrogen emissions in urban environment by using atmospheric tracers such as CO and radon. The results for H 2 / CO slope agreed well with literature values, indicating congruent emission structures. In the future, to place the results in a wider context, the hydrogen background levels in Helsinki and in other sites should be examined more carefully including possible transport events and trends.
